1. Introduction {#sec1-micromachines-11-00680}
===============

There is a universal and perpetual need for more efficient and accurate sensors for toxic and flammable gases such as H~2~ and NH~3~. H~2~ is a highly flammable gas that forms an explosive mixture with air at 4.65 vol.% \[[@B1-micromachines-11-00680]\], while NH~3~ is a highly toxic gas that has wide usage as a fertilizer and in the manufacturing of plastics and textiles \[[@B2-micromachines-11-00680]\]. Hence, constant monitoring of H~2~ and NH~3~ (which can sometimes be produced and present at the same time) with high sensitivity is of extreme importance \[[@B1-micromachines-11-00680],[@B3-micromachines-11-00680],[@B4-micromachines-11-00680]\]. The most common sensing mechanism for such gases is functionalized chemi-resistors \[[@B5-micromachines-11-00680]\] or Schottky diodes \[[@B6-micromachines-11-00680],[@B7-micromachines-11-00680]\]. Metals like Pt and Pd are widely used as the functionalization layer or as the Schottky metal because of their unique capability of adsorbing H~2~ \[[@B8-micromachines-11-00680],[@B9-micromachines-11-00680],[@B10-micromachines-11-00680]\] on the surface, directly, or after dissociating NH~3~ \[[@B11-micromachines-11-00680],[@B12-micromachines-11-00680],[@B13-micromachines-11-00680]\]. This process modifies the surface work function of the metal substrate or the Schottky contact, which can be measured in terms of change in resistivity in chemi-resistors or as a change in the Schottky barrier in chemi-diodes. However, these sensors suffer from several limitations, e.g., thermal instability of the Schottky contacts \[[@B14-micromachines-11-00680]\] and degradation of the contact due to exposure to chemicals and poisoning \[[@B15-micromachines-11-00680]\].

Microelectromechanical system (MEMS) and nanoelectromechanical system (NEMS) devices have been extensively used as physical sensors for measurement of various physical parameters including acceleration, mass, pressure, temperature, strain, and radiation \[[@B16-micromachines-11-00680],[@B17-micromachines-11-00680],[@B18-micromachines-11-00680],[@B19-micromachines-11-00680],[@B20-micromachines-11-00680],[@B21-micromachines-11-00680],[@B22-micromachines-11-00680]\]. They have also been utilized in recent years for detection of chemical and biological analytes utilizing functionalized surfaces \[[@B23-micromachines-11-00680]\]. The detection methods with functionalized surfaces typically involve physisorption or chemisorption of analyte molecules at the surface causing simple dipolar work function change (physisorption) or charge exchange through bond formation (chemisorption). Both the sorption processes can change the surface work function which can be utilized for highly sensitive detection of gases. Nomani et al. demonstrated the detection of ultra-low concentration of NO~2~ (down to 20 ppb) utilizing the surface work function change in In~2~O~3~ thin films \[[@B24-micromachines-11-00680]\], while Singh et al. demonstrated NH~3~ and NO~2~ sensing using graphene/Si chemi-diode with tunable sensitivity \[[@B25-micromachines-11-00680],[@B26-micromachines-11-00680]\]. Hydrogen detection using Pd- and Pt-functionalized graphene/Si chemi-diode was also demonstrated by Uddin et al. \[[@B27-micromachines-11-00680]\]. Microcantilevers, resembling tiny diving boards, have also been extensively utilized for analyte detection with ultra-high sensitivity, taking advantage of their resonant quality factors \[[@B28-micromachines-11-00680],[@B29-micromachines-11-00680]\]. In 2003, Pinnaduwage et al. reported trace-level explosive detection with Si microcantilevers utilizing the change in surface stress due to surface adsorption \[[@B30-micromachines-11-00680]\], while in 2005, Huang et al. showed H~2~ sensing utilizing Pd-alloy cantilever beams by tracing the frequency shift due to H~2~ adsorption \[[@B31-micromachines-11-00680]\]. Detection of H~2~ using noncontact surface work function-based measurements (where the surface was functionalized instead of the cantilever) was also reported by Laksmanan et al. \[[@B32-micromachines-11-00680]\].

The use of piezotransistive microcantilevers utilizing AlGaN/GaN heterostructures has attracted significant research interest in recent years because of their superior sensitivity in detecting toxic gases and volatile compounds and for several other advantages like their applications in harsh environment and power electronics \[[@B33-micromachines-11-00680],[@B34-micromachines-11-00680],[@B35-micromachines-11-00680]\]. Moreover, AlGaN/GaN heterojunction-based field effect transistors (HFETs), when embedded at the base of a GaN microcantilever, can be used as displacement transducers with a much higher (10--100 times) gauge factor (GF) than the best reported values (\~100) \[[@B36-micromachines-11-00680],[@B37-micromachines-11-00680]\] in their Si counterparts utilizing their unique piezoelectric properties, which are then implemented in highly sensitive photoacoustic (PA) detection of analytes \[[@B38-micromachines-11-00680],[@B39-micromachines-11-00680],[@B40-micromachines-11-00680],[@B41-micromachines-11-00680],[@B42-micromachines-11-00680]\]. In 2015, Talukdar et al. demonstrated femtoscale level of deflection transduction in ultra-high sensitive PA detection of explosives utilizing AlGaN/GaN heterojunction field effect transistor integrated GaN microcantilevers \[[@B42-micromachines-11-00680]\].

Plasmonic nanoparticles (NPs) have been used to enhance absorption in opto-electronic devices to amplify their performance \[[@B43-micromachines-11-00680],[@B44-micromachines-11-00680],[@B45-micromachines-11-00680]\]. Recently, we reported on the usage of plasmonic NPs to enhance the sensor signal up to two orders of magnitude in GaN micocantilevers \[[@B46-micromachines-11-00680]\]. These NPs, besides enhancing the sensor performance, can also act as the functionalization layer in sensing analytes such as H~2~ \[[@B47-micromachines-11-00680]\] or NH~3~ \[[@B11-micromachines-11-00680],[@B12-micromachines-11-00680],[@B13-micromachines-11-00680]\] and have been extensively utilized in surface plasmon resonance (SPR)-based sensors. These sensors offer the unique advantage of noncontact sensing enabling high temperature or harsh environment detection of analytes \[[@B48-micromachines-11-00680],[@B49-micromachines-11-00680]\], which is a distinct limitation of chemi-resistors or chemi-diodes. However, SPR-based sensors monitor the change in the optical properties of the NPs due to the analyte adsorption that involves cumbersome instruments like polarizers or spectral analyzers. By using the plasmonic nanolayer on GaN microcantilevers, the change in the plasmonic excitation modifies the strength of the PA wave generated, which is then measured in terms of an electrical signal at the HFET output, providing a distinct advantage over the traditional SPR sensing methods, with a much simpler readout technique.

In this work, we investigated the PA detection of H~2~ and NH~3~ using the variation in plasmonic excitation of Pt and Pd NPs utilizing GaN microcantilevers. A comparison of H~2~ sensing performance between Pt and Pd NPs-coated devices was presented in terms of response time, signal-to-noise ratio (SNR), and limit of detection (LOD). It has been shown that the biasing condition of the HFET can further enhance the LOD in these sensors. It was also demonstrated that, at room temperature, Pd-coated devices exhibit a unique selectivity to H~2~ over NH~3~, while the Pt-coated devices respond to both H~2~ and NH~3~.

2. Experimental Details {#sec2-micromachines-11-00680}
=======================

Microcantilevers were fabricated using III-V nitride epitaxial layers on Si (111) wafer purchased commercially form the NTT Advanced Technology Corporation. The layer structure of the wafer consisted of i-GaN (2 nm)/AlGaN (20 nm, 25% Al)/i-GaN (1 μm)/transition layer (0.3 μm)/Si (111) substrate (675 μm). The schematic flow of the six photolithographic fabrication steps are shown in [Figure 1](#micromachines-11-00680-f001){ref-type="fig"}a. In the first step, an AlGaN mesa of 35 × 35 μm was isolated by AlGaN etching. The top cantilever outline was defined by etching down GaN using Cl~2~-based inductively coupled plasma (ICP) etch process in such a way that the AlGaN mesa was at the base of the cantilever. The HFET was then fabricated on the mesa with the source and drain ohmic contacts formed on its two sides by e-beam deposition of Ti (20 nm)/Al (100 nm)/Ti (45 nm)/Au (55 nm) metal stack, followed by a rapid thermal processing (RTP) at 800 °C in the presence of N~2~ for 60 s. The Schottky contact for gate terminal was formed in between the source and drain contacts by depositing metal layers of Ni (25 nm)/Au (375 nm). Next, Ti (20 nm)/Au (150 nm) layer was deposited to form the top bonding pads. Finally, the Si substrate was etched from underneath following the Bosch process, to release the cantilevers. [Figure 1](#micromachines-11-00680-f001){ref-type="fig"}b shows the SEM image of a fully fabricated microcantilever, clearly showing the HFET embedded at the base along with the source, gate, and drain contacts. Inset of [Figure 1](#micromachines-11-00680-f001){ref-type="fig"}b shows a magnified picture of the AlGaN mesa with a clear image of the HFET. The fabricated devices were then wire-bonded onto a chip carrier for characterization and gas-sensing experiments.

The schematic of the gas-sensing setup is presented in [Figure 2](#micromachines-11-00680-f002){ref-type="fig"}, which shows the sensor device assembly enclosed in a test chamber to control analyte flow. Photoacoustic (PA) excitation of the cantilever was realized using a pulsed laser directed on the HFET at the cantilever base. The AlGaN/GaN-based HFET acts as a highly sensitive deflection transducer and converts the cantilever deflection into an electrical signal, details of which have been discussed elsewhere \[[@B38-micromachines-11-00680],[@B42-micromachines-11-00680]\]. A lock-in amplifier was used to provide a variable frequency 1.1 V rms signal for laser modulation and to record the change in drain-source voltage (ΔV~DS~) from the HFET as a function of frequency. The maximum value of ΔV~DS~ corresponds to the maximum deflection of the cantilever and occurs at its resonance frequency (f~R~). The value of ΔV~DS~ at f~R~ is the resonance amplitude and indicative of the device sensitivity. To measure ΔV~DS~, a constant drain current of 100 μA was maintained by a source measure unit (SMU) and a gate bias (V~G~) was applied at the gate terminal from a DC power supply. The device sensitivity can be tuned using optimized biasing conditions \[[@B39-micromachines-11-00680]\]. In addition, plasmonic effects in metal nanoparticles (NPs) can be used to enhance optical absorption and further amplify the resonance amplitude, which in turn, enhances the sensitivity of the device \[[@B46-micromachines-11-00680]\]. The deposited metal NPs can also act as a functionalization layer to enable analyte detection \[[@B50-micromachines-11-00680]\]. In this work, we used Pt and Pd metal nanoparticles to perform the detection of H~2~ and NH~3~ gases. 1 nm each of Pt and Pd NPs was deposited on the cantilevers using e-beam evaporation utilizing a shadow mask to obtain plasmonic signal enhancement as well as perform selective detection of the analyte gases. High purity Pt (99.99%) and Pd (99.95%) pallets bought from Kurt J. Lesker were used as the targets for e-beam deposition, which was carried out at 3 µTorr and 25 °C using the CCS CA-40 e-beam evaporator. [Figure 2](#micromachines-11-00680-f002){ref-type="fig"}b shows am SEM image of a cantilever that was deposited with 1 nm Pd. A higher magnification SEM image ([Figure 2](#micromachines-11-00680-f002){ref-type="fig"}c) near the HFET of the device shows the discontinuous nature of the deposited Pd nanostructures.

3. Results and Discussions {#sec3-micromachines-11-00680}
==========================

[Figure 3](#micromachines-11-00680-f003){ref-type="fig"}a,b shows the current voltage (I-V) characteristics of the HFET before and after 1-nm Pt and 1-nm Pd deposition, respectively. Both sets of I-V curves show excellent drain current modulation and complete device shutdown at higher (more negative) V~G~, clearly preserving the HFET characteristics even after metal functionalization layer deposition. In fact, an improvement in drain-source saturation current and a reduction in knee voltage was especially noticeable at higher V~G~, which was most likely caused by surface stabilization and a reduction in surface traps as a result of thin metal deposition \[[@B51-micromachines-11-00680],[@B52-micromachines-11-00680],[@B53-micromachines-11-00680]\]. [Figure 3](#micromachines-11-00680-f003){ref-type="fig"}c,d shows the resonance responses before and after the 1-nm Pt and Pd deposition, showing enhancement factors of 1.4 and 2, respectively. The laser used for the PA experiments was a 520-nm pulsed module, at which both Pt and Pd NPs were expected to exhibit significant plasmonic absorption \[[@B54-micromachines-11-00680],[@B55-micromachines-11-00680]\]. Higher enhancement factor for Pd for the same thickness as Pt agreed with the higher plasmonic absorption of Pd NPs at 520 nm \[[@B54-micromachines-11-00680],[@B55-micromachines-11-00680]\]. [Figure 3](#micromachines-11-00680-f003){ref-type="fig"}d also portrays the blue shift in resonance frequency by 43 Hz due to mass loading from the deposited Pd NPs. The same effect was not noticeable in the Pt-deposited device, likely due to more significant surface stress-related changes countering the mass loading effects \[[@B30-micromachines-11-00680],[@B31-micromachines-11-00680]\]. For gas-sensing experiments the devices were oscillated at their resonance frequency to harness maximum sensitivity arising from quality factor enhancement \[[@B29-micromachines-11-00680]\].

[Figure 4](#micromachines-11-00680-f004){ref-type="fig"}a shows the response of 1-nm Pt-coated device upon exposure to 1000 ppm H~2~. Response amplitude was found to depend on the biasing condition of the device as the sensitivity of the AlGaN/GaN heterostructure increased with higher V~G~ \[[@B39-micromachines-11-00680]\], which was reflected in higher resonance amplitude at higher (more negative) gate biases. As seen in [Figure 4](#micromachines-11-00680-f004){ref-type="fig"}a, for the same concentration of H~2~ (1000 ppm) and flow rate (250 sccm, controlled by mass flow controllers), when the device was biased at V~GS~ = −2.07 V (and V~DS~ = 0.14 V), the response amplitude was found to be 15 µV (signal-to-noise ratio (SNR) = 25.2), which increased 5 folds (SNR = 51) when the device was biased at V~GS~ = −2.47 V (and V~DS~ = 0.24 V). Similar trend was also exhibited by the Pd-coated device, as can be seen from [Figure 4](#micromachines-11-00680-f004){ref-type="fig"}b, where the response amplitude increased dramatically from 27 µV (SNR = 30.5) to 180 µV (SNR = 59.9) when the biasing condition was changed from V~GS~ = −2.25 V (and V~DS~ = 0.24 V) to V~GS~ = −2.54 V (V~DS~ = 0.44 V), for the same concentration (1000 ppm) and flow rate (250 sccm) of H~2~.

The usage of Pt and Pd NPs for H~2~ detection is quite common as H~2~ atoms can easily and selectively adsorb in the Pt and Pd lattice by moving into the interstitial spaces and forming metal hydrides \[[@B9-micromachines-11-00680],[@B10-micromachines-11-00680]\]. The solubility of H~2~ is further improved in nanoscale because of increased surface area \[[@B56-micromachines-11-00680]\]. Moreover, the adsorbed H~2~ changes the shape, size, and, therefore, the aspect ratio as well as the dielectric environment of the Pd NPs \[[@B8-micromachines-11-00680]\], modifying their plasmonic properties. This causes a change in the plasmonic absorption spectra, with a resonance peak shift as well as a peak amplitude change, which makes the usage of plasmonic NPs an even more effective way of detecting H~2~ \[[@B8-micromachines-11-00680]\]. For Pt NPs a definite adsorption model has not been established yet, but there is evidence that the dissociative surface adsorption of H~2~ on Pt surface \[[@B56-micromachines-11-00680],[@B57-micromachines-11-00680],[@B58-micromachines-11-00680]\] facilitates the change in the electronic configuration as well as in the dielectric environment of the Pt NPs, which can be instrumental in altering the plasmonic excitation in the same. These modifications in their absorption spectra changes the strength of the PA wave generated due to the plasmonic excitation of these particles, which can then be measured by the change in the HFET output in terms of change in ∆V~DS~. We also noted the opposite nature of the change in signal upon H~2~ exposure (increase in the magnitude of the Pt-coated device and a reduction for the Pd-coated device), which likely originated from the opposite phase of the HFET output signal recorded on these devices.

To compare the sensing performances of the Pt- and Pd-coated devices, they were biased at the same V~DS~ and exposed to different concentrations of H~2~. [Figure 5](#micromachines-11-00680-f005){ref-type="fig"}a shows the responses of the Pt-coated device upon exposure to 1000, 500, and 100 ppm of H~2~ while biased at V~GS~ = −2.47 V and V~DS~ = 0.24 V, and oscillated at resonance frequency of f~R~ = 15.762 kHz. [Figure 5](#micromachines-11-00680-f005){ref-type="fig"}b shows the responses for a Pd-coated device at the same drain bias (V~GS~ = −2.20 V and V~DS~ = 0.24 V) and in resonant mode (f~R~ = 15.65 kHz), upon exposure to H~2~ of different concentrations, varying from 1000 ppm to 50 ppm. We observed a much cleaner signal for the Pd-coated device with much higher SNR, which enabled clear identification of 50 ppm H~2~ response, while even 100 ppm H~2~ response was barely detectable over the background noise in the Pt-coated device. For a better comparison between the Pt- and Pd-coated devices, response time, SNR, and limit of detection (LOD), corresponding to various H~2~ concentrations, as extracted from the sensor responses presented in [Figure 5](#micromachines-11-00680-f005){ref-type="fig"}, are summarized in [Table 1](#micromachines-11-00680-t001){ref-type="table"}. The response time, which is defined between the 10th and 90th percentile point, i.e., (τ*~10%~*--τ*~90%~*), was recorded to be 9 s in the Pd device for its response to 1000 ppm H~2~. The same for the Pt-coated device was found to be much higher at 13 s. The lowest SNR value of 19.9 was recorded for Pt-coated device at 100 ppm H~2~, showing that the LOD of the Pt-coated device for the given biasing condition was \~15 ppm, using the LOD definition as the lowest concentration that can be measured with 3 or higher SNR \[[@B59-micromachines-11-00680]\].

However, for the Pd-coated device, the lowest SNR corresponding to 50 ppm H~2~ was recorded to be 11.8, indicating that the LOD was \~12 ppm. The H~2~ adsorption mechanism in the bulk as well as in nanoscale Pd and Pt has been studied extensively by many researchers. While the H~2~ diffusion coefficients on Pt and Pd are almost equal, the H~2~ solubility in Pd is about three orders of magnitude higher than that in Pt \[[@B6-micromachines-11-00680],[@B60-micromachines-11-00680]\], which can be attributed to the superior performance of the Pd-functionalized devices. As we saw in [Figure 4](#micromachines-11-00680-f004){ref-type="fig"}, the SNR performance of the Pd-coated devices can be improved with optimization of the biasing conditions, which indicates that the LOD of the Pd device can be improved with further optimization of the biasing conditions. Nonetheless, the LOD obtained for our device using plasmonically enhanced photoacoustic detection technique is very comparable to the LOD exhibited by widely used surface plasmon resonance (SPR)-based techniques (lowest LOD was \~10 ppm), the detection methods of which are much more cumbersome and bulky \[[@B61-micromachines-11-00680],[@B62-micromachines-11-00680]\]. The performance of the Pd-coated devices was also tested when the analyte was diluted with air (with 60% relative humidity) and compared with the same when the analyte was diluted with N~2~. While the response magnitude remained comparable, the transient time was found to improve with air dilution. The corresponding data are presented in the [Supplementary Figure S1](#app1-micromachines-11-00680){ref-type="app"}.

NH~3~ is also adsorbed in several metal films, including Pt and Pd, although the individual mechanisms of adsorption are complicated and may vary widely \[[@B11-micromachines-11-00680],[@B12-micromachines-11-00680],[@B13-micromachines-11-00680],[@B63-micromachines-11-00680]\]. We investigated the detection performance of the Pt and Pd NP-coated devices with respect to NH~3~ sensing. The results are shown in [Figure 6](#micromachines-11-00680-f006){ref-type="fig"} for three cycles of 500 ppm NH~3~ flow. We found that while the Pt-coated devices exhibited repeatable and sensitive response to 500 ppm NH~3~, the Pd-coated devices exhibited no significant response after the initial drop (60 µV) in HFET output upon the first exposure to NH~3~ and did not recover or respond to the subsequent NH~3~ exposures. The Pt-coated device, when biased at V~DS~ = 0.14 V and V~GS~ = −2.07 V, exhibited a response amplitude of 50 µV with an SNR of 85 (second response cycle in [Figure 6](#micromachines-11-00680-f006){ref-type="fig"} was used), and clear response and recovery transients for all the exposure cycles to 500 ppm NH~3~. From this response and the SNR value, the LOD (with SNR of 3) was found to be \~17 ppm. The response time from the second cycle was also found to be 6 s based on the definition of response time discussed earlier. The LOD and response time for NH~3~ detection was superior to those of the SPR-based techniques, where the best LODs and response times reported were \~10 ppm and a few tenths of a second, respectively \[[@B64-micromachines-11-00680],[@B65-micromachines-11-00680],[@B66-micromachines-11-00680]\]. We also note that the lack of response from the Pd NP-functionalized sensor device pointed out the unique possibility of selective detection of H~2~ over NH~3~, which is important for applications where these two reducing gases are present simultaneously \[[@B67-micromachines-11-00680],[@B68-micromachines-11-00680]\]. The lack of specific changes might be related to ready dissociation of NH~3~ following its adsorption in Pd \[[@B11-micromachines-11-00680]\].

4. Conclusions {#sec4-micromachines-11-00680}
==============

In conclusion, we successfully demonstrated a unique and sensitive detection of H~2~ using Pt and Pd plasmonic NPs as functionalization layers in GaN microcantilevers using photoacoustic excitation at 520 nm. A comparison of H~2~-sensing performance between Pt and Pd NPs-coated devices indicated superior sensing performance of Pd-coated devices in terms of detection limit and response time. Strong dependence on the biasing conditions was observed, indicating the possibility of improving the sensing performance with further bias optimization. Excellent sensing performance of the Pt-functionalized devices for NH~3~ detection was observed, which exhibited a LOD of \~17 ppm and fast response time, while the Pd-functionalized device did not produce any significant response, indicating the possibility of selective detection of H~2~ over NH~3~ using the latter.

The following are available online at <https://www.mdpi.com/2072-666X/11/7/680/s1>, Figure S1: Response of the Pd coated device to 500 ppm H~2~ diluted in UHP N~2~ and in ambient air with 60% relative humidity. Clear improvement in response is observed for air dilution.
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![(**a**) Schematic diagram showing the fabrication process flow for AlGaN/GaN heterojunction-based field effect transistor (HFET) integrated piezotransistive GaN microcantilevers. (**b**) SEM image of a fully fabricated GaN cantilever. Scale bar is 100 µm. Inset shows a magnified SEM picture of the HFET embedded at the base of the cantilever. Scale bar is 10 µm.](micromachines-11-00680-g001){#micromachines-11-00680-f001}

![(**a**) Schematic of the experimental setup showing the HFET biasing scheme, with the microcantilever sensor placed inside a test chamber. A 520-nm pulsed laser was shone on the HFET for photoacoustic excitation. (**b**) SEM image of a 1-nm Pd-coated device. (**c**) A magnified SEM image near the HFET of the Pd-coated device (shown with red square) reveals a non-uniform pattern of the deposited 1-nm Pd.](micromachines-11-00680-g002){#micromachines-11-00680-f002}

![I-V curves of HFET integrated at the cantilever base before and after (**a**) 1-nm Pt deposition and (**b**) 1-nm Pd deposition, showing perfect gate modulation. The resonance characteristics of the device before and after (**c**) 1-nm Pt deposition and (**b**) 1-nm Pd deposition, showing 1.4 and 2 times amplification in the resonance amplitudes, respectively, due to the plasmonic absorption. A red shift of 43 Hz is clearly observed in the resonance frequency in (**d**) due to mass loading of the cantilever following Pd metal deposition.](micromachines-11-00680-g003){#micromachines-11-00680-f003}

![(**a**) Sensor responses to 1000 ppm H~2~ at different biasing conditions (V~DS~ = 0.14, V~GS~ = −2.07 V and V~DS~ = 0.24 V, V~GS~ = −2.47 V) of 1-nm Pt-coated device. Higher change in signal (5-fold enhancement) was recorded for more negative gate bias. SNR value also increased 2 fold, from 25.2 to 51. (**b**) Responses at two different biasing conditions (V~DS~ = 0.24, V~GS~ = −2.25 V and V~DS~ = 0.24 V, V~GS~ = −2.54 V) when exposed to 1000 ppm of H~2~ for 1-nm Pd-coated device. The response magnitude increased from 27 µV to 180 µV, while SNR increased from 30.5 to 59.9 at higher bias.](micromachines-11-00680-g004){#micromachines-11-00680-f004}

![(**a**) Responses to three different concentrations of H~2~ for 1-nm Pt-coated device, showing response magnitudes of 75 and 20 µV as the H~2~ concentration changes from 1000 ppm to 100 ppm, with SNR changing from 51 to 19.9 (**b**) Response to three different concentrations of H~2~ of 1-nm Pd-coated device, showing magnitudes of 85 and 13 µV as the H~2~ concentration changes from 1000 ppm to 50 ppm, with SNR changing from 116.4 to 11.8.](micromachines-11-00680-g005){#micromachines-11-00680-f005}

![Responses of the Pt- and Pd-coated sensor devices upon exposure to 500 ppm NH~3~ over three test cycles. While the Pt-coated device shows a repeatable response of 50 µV with an SNR of 85, the Pd-coated device does not recover after the initial drop in signal or show further response to subsequent cycles of NH~3~ exposure.](micromachines-11-00680-g006){#micromachines-11-00680-f006}

micromachines-11-00680-t001_Table 1

###### 

Summary of Pd- and Pt-functionalized sensor data showing comparison of their sensing performances.

  NP        H~2~ Concentration   Response Time   Signal-to-Noise Ratio (SNR)   Limit of Detection (LOD)
  --------- -------------------- --------------- ----------------------------- --------------------------
  Pt        1000 ppm             13 s            51                            \~15 ppm
  500 ppm   7 s                  33.9                                          
  100 ppm   12 s                 19.9                                          
  Pd        1000 ppm             9 s             116.4                         \~12 ppm
  500 ppm   13 s                 104.1                                         
  100 ppm   20 s                 36.7                                          
  50 ppm    26 s                 11.8                                          
